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Introduction 41
Bioenergy trends and land use change 42
Heating, electricity generation and transport are major sources of greenhouse gas (GHG) emissions in 43 industrialised countries such as the UK (Brown et al., 2012) . Annually in the EU28, energy industries 44 emit 1412 Tg CO2e and the transport sector emits 926 Tg CO2e (Eurostat, 2014). Bioenergy is 45 anticipated to play a major role in meeting the European Union target for 20% of energy consumed to 46 be from renewable sources by 2020, including 10% renewable transport fuels (EC, 2009 ). Mandatory 47 biofuel blend targets and incentive schemes such as duty exemption for biofuels, electricity feed-in-48 tariffs (FiTs), capital grants and renewable heat incentives (RHIs) are being implemented to encourage 49 bioenergy throughout the world (HPLE, 2013) . Global biofuel production in 2011 amounted to 100 50 billion litres, largely from food crop feedstocks, giving rise to concerns over food price increases and 51 land use change pressures (HPLE, 2013) . Policy and commercial development is now shifting to 52 "second generation" biofuels produced from lignocellulosic feedstocks that may alleviate competition 53 with food production. However, currently in the UK there is concern that financial incentives for 54 anaerobic digestion (AD), including FiTs of up to €0.188 per kWh for biogas electricity (FIT Ltd, 2013) 55 and the new RHI (Ofgem, 2013) , could lead to the appropriation of large areas of arable land to grow 56 crop feedstocks such as maize (Mark, 2013) . In Germany, over 1,157,000 ha of land are used to grow 57 crops for AD (FNR, 2013) . 58
Almost 60% of land required to produce products consumed within the EU is located outside of the EU 59 (Tukker et al., 2013) , and global demand for agricultural commodities is rising rapidly (FAO Stat, 60 2014), so there is little "spare" land available for bioenergy feedstock cultivation (Dauber et al., 2012) . 61
Feedstock production for bioenergy is driving land use change (LUC) at a global level (HPLE, 2013; 62 Warner et al., 2013) . Indirect land use change (iLUC) associated with the displacement of food 63 production by bioenergy crops may cancel or exceed GHG emission mitigation achieved via fossil 64 energy substitution (Tonini et al., 2012; Hamelin et al., 2014) . It is therefore important that possible 65 iLUC effects are accounted for in sustainability assessment of bioenergy options.
67

Consequential life cycle assessment 68
Attributional life cycle assessment (ALCA) is an increasingly popular systems approach used to 69 quantify resource flows and environmental burdens arising over the value chain of a product or service 70 (ISO, 2006a; . Environmental impact categories relevant to agricultural systems include global 71 warming potential (GWP), eutrophication potential (EP), acidification potential (AP) and fossil 72 resource depletion potential (FRDP). The EU Renewable Energy Directive (RED) (EC, 2009) bases 73 GWP sustainability thresholds for biofuels on ALCA calculations. 74
Accounting for global net effects of bioenergy production arising from factors such as iLUC and 75 diversion of organic waste streams requires a consequential LCA (CLCA) approach. CLCA expands 76 system boundaries to account for marginal effects of system modifications induced via economic 77 signals throughout the wider economy (Weidema, 2001) . CLCA is increasingly being applied to assess 78 bioenergy (e.g. Mathiesen Displaced food production can be complicated to model within CLCA because it gives rise to a mix of 81 intensification, land transformation and cascading displacement of crops (Schmidt, 2008; Kløverpris et 82 al., 2008; Mulligan et al., 2010) . These consequences can be estimated from market data or general 83 equilibrium economic models, with high uncertainty (Schmidt, 2008 Accordingly, this paper presents results for a range of simplified best-to worst-case scenarios that span 88 the range of plausible bioenergy situations for UK arable farms. 89 90
Farm modelling 92
Globally, agriculture and related LUC is responsible for 30% of global anthropogenic greenhouse gas 93 (GHG) emissions (IPCC, 2007a). Agriculture accounts for 94% of ammonia (NH3) emissions in Europe 94 (EEA, 2012), the majority of diffuse nutrient losses to water (EEA, 2010), and relies on finite resources 95 of phosphate for fertilization (Cordell et al., 2009 ). Farm scale AD can reduce GHG emissions from 96 manure management and organic waste disposal whilst displacing fossil energy carriers, and associated 97 GHG emissions, with the renewable biogas produced. Digestate from AD plants is also a useful 98 fertiliser, but can lead to elevated NH3 emissions during storage and spreading (Rehl & Müller, 2011 
Aims and objectives 129
In this paper, we summarise the outputs from farm models coupled with CLCA, supplemented with a 130 screening of major ES effects, to comprehensively compare the environmental sustainability of biogas, 131 biofuel and biomass options on arable farms. Multiple data sets were integrated within the "LCAD" 132 scenario tool developed to inform policy makers and prospective farm AD operators on the net global 133 environmental effects of plausible farm bioenergy scenarios (Defra, 2014) . 134
The objectives of this study are to: (i) quantify the net environmental effects of plausible bioenergy 135 scenarios and feedstocks on arable farms; (ii) assess the influence of AD design and management factors 136 on environmental performance; (iii) compare the land-and economic-efficiency of GHG mitigation 137 via different bioenergy pathways; (v) highlight bioenergy ecosystem services effects not reflected in 138 LCA metrics. 139 140
Materials and methods 141
Scope and boundaries 142
This study presents CLCA and ALCA results generated by the LCAD tool that underwent review by 143 expert members of a technical working group (TWG, 2013), and is available online (Defra, 2014) . A 144 modified iLUC module was added to the tool for this study. The primary CLCA outputs are calculated 145 as net change in annual environmental burdens calculated after accounting for major processes directly 146 and indirectly influenced by the introduction of bioenergy options into a baseline arable farm system. 147
The cultivation of crops for food and animal feed production ("food crops") is held constant, but 148 displaced elsewhere where bioenergy crops are cultivated, so that one year of food crop production on 149 the baseline farm is the primary functional unit. As per CLCA methodology, all displaced and replaced 150 processes are accounted for as additional environmental burdens (debits) or avoided environmental 151 burdens (credits) ( Figure 1 ). In addition to displaced food crop production (debit), processes replaced 152 (Table S1 .1). We present results for a range of simplified narratives 163 generated as scenario permutations within the LCAD tool (Table 2) . Default results are based on the 164 typical UK situation (TWG, 2013), but results are also expressed as a full range of possible outcomes 165
representing worst-to best-case scenario permutations (Insert Table 2 to go to landfill than unsorted municipal waste. Therefore, composting is the default counterfactual 211 option for food waste, but landfill with 70% biogas capture and electricity generation was modelled as 212 an alternative counterfactual to generate best case AD scenarios. 213
214
Bioethanol and biodiesel production from wheat and OSR result in high-protein dried distillers grains 215 with solubles (DDGS) and rape seed cake (RSC) co-products. These co-products were assumed to 216 replace a mix of soybean meal (marginal protein feed) and maize silage (marginal energy feed) 217 calculated to deliver the same quantities of crude protein and metabolisable energy according to a feed 218 ration calculator (EBLEX, 2014). Soybean meal substitution incurs knock-on displacement effects via 219 soy oil substitution of palm oil, with implications for net iLUC. Details are given in DataS3.2. (Table 4 ). Farm-adapt was used to optimise the integration of the bioenergy feedstock into the rotation 236 ( Figure 1 ; Table 4 ; Figures S4.1 to S4.7). Additional agronomic information is contained in Data S2.5. 237
[Insert Table 4 about here] 238 239 Key points are summarised below. 240  AD-F: A quantity of 10 000 Mg food waste is imported to an on-farm AD unit, constrained by 241 K2O surplus (the first nutrient to reach surplus in available form) ( Figure S4 .1). 242  AD-MZrot: 10% of farm area (40 ha) is used to cultivate maize, integrated into an optimised 243 rotation where maize acts as a break crop, enabling 40 ha of lower-yielding spring barley ( Table  244 S1.2) to be replaced with 40 ha of higher-yielding first winter wheat, with a reduced yield 245 because of delayed sowing, so that farm food production is reduced by just 1% (Figure 1) . 246
Maize is supplied to an AD unit supplied by multiple farms that fuels a 1MWe combined heat 247 and power (CHP) generator. This represents a best case scenario for maize-only AD. 248  AD-MZmono: 100% of farm area is used to grow maize continuously in monoculture to feed an 249 on-farm AD unit. This represents a more typical maize-only AD scenario, based on large areas 250 dedicated to AD-maize cultivation in Germany (FNR, 2013) ( Figure S4 .2). 251  AD-G: 10% of farm area (40 ha) is used to cultivate rye grass, displacing 10 ha of each crop in 252
the four year baseline rotation to supply a multi-farm 1 MWe AD-CHP system ( Figure S4 
Bioenergy conversion 267
Five AD design and management options were modelled to reflect the important influence of 268 fermentation efficiency and fugitive emissions from fermenters and digestate storage tanks on 269 environmental performance (Table S4 .1). Central results in this study are based on default parameters 270 in Table S4 .1, with best-and worst-case parameters used to generated performance ranges. The magnitude of change relative to the baseline farm depends on the scenario-specific quantity of 307 bioenergy generated, in addition to the environmental efficiency of each bioenergy option (Figure 2 and 308 Table 5 ). Excluding iLUC, all scenarios result in a net GWP reduction compared with the counterfactual 309 baseline. However, the GWP balance for maize monoculture (AD-MZmono), grass AD (AD-G), 310 bioethanol (Eth-WW) and biodiesel (Bio-OSR) is positive (i.e. results in a net GHG emission increase) 311
under the default assumption that 50% of displaced food production incurs iLUC. Eutrophication and 312 acidification burdens increase across all scenarios that involve cultivation of bioenergy crops, but 313 decrease substantially in the food waste and pig slurry scenarios owing to avoided waste and slurry 314 management ( Table 5 ). The magnitude of avoided resource depletion is proportionate to fossil energy 315 substitution, and, for AD-MZmono under absolute best case assumptions, equates to 11 times the resource 316 depletion on the baseline farm. [Insert Figure 2 and Table 5 about here]. 317
318
Results for GWP and acidification are sensitive to whether or not CHP-heat is wasted or used to replace 319 oil heating, and to AD design and management parameters that influence fugitive emissions of CH4 and 320 NH3 ( Figure 2 ). The reduction in acidification burden associated with digestion of waste (food waste 321 and slurry) feedstock varies by a factor of four, according to management practice, reflecting the high 322 NH4-N content of relevant digestates. However, the GWP burden changes for maize monoculture and 323 grass AD remain positive (i.e. GHG emissions increase) even under best case AD design and 324 management with use of all CHP-heat under the default assumption that 50% of displaced food 325 production incurs iLUC (Figure 2) . 326
327
The environmental balance of waste digestation is highly sensitive to the type of waste management 328 avoided. With a capped landfill rather than a composting counterfactual, the GWP reduction in the AD-329 eutrophication burdens increase, reflecting higher NH3 emissions from digestate storage and land 331 spreading than from landfilling. 332
333
Environmental efficiency of bioenergy feedstocks 334
The environmental balance of different bioenergy feedstock options on a Mg DM basis is compared in 335 Feedstock cultivation and displaced food production dominate eutrophication burdens in most 347 scenarios. Avoided animal feed production leads to significant GWP and eutrophication credits per Mg 348 grain and oil seed used for biofuel production. These credits include avoided iLUC but do not fully 349 offset the GWP debits incurred by displaced wheat and OSR production. Fugitive emissions of NH3 350 from digestate storage and field application significantly influence eutrophication and acidification 351 burden changes for food waste and pig slurry in the AD-F and AD-SF scenarios (Table S7. 
and S7.3). 352
Imported nutrients applied in digestate lead to lower fertiliser manufacturing burdens for the AD-F and 353 AD-SF scenarios, but higher soil emissions in the AD-F scenario (Tables S7.1 to S7.4). The 354 acidification burden of food production declines following digestion of slurry owing to the assumption 355 that field application technique changes from splash-plate for counterfactual slurry application on the 356
Cropping area GHG mitigation efficiency 359
Excluding iLUC effects, crop AD achieves GHG mitigation of 1.3 to 3.5 Mg CO2e yr -1 per hectare of 360 land planted with maize or grass, more than the small mitigation achieved by wheat bioethanol and oil 361 seed rape biodiesel, but considerably less than the 21.5 Mg CO2e yr -1 mitigation per hectare of 362
Miscanthus grown to produce heating pellets (Figure 4 ). Only maize in rotation and Miscanthus achieve 363 net GHG mitigation when iLUC is attributed to 50% of displaced food production, of 1.4 and 9.1 Mg 364
CO2e ha -1 yr -1 , respectively. Monoculture maize and grass AD and the biofuel options lead to substantial 365 GHG emission increases of between 3.15 and 11.44 Mg CO2e ha -1 yr -1 when 50% iLUC is accounted 366 for (Figure 4 ). Bioethanol and biodiesel are less sensitive to iLUC than the other options because the 367 animal feed substitution credits increase with the iLUC ratio. This effect is proportionately greater in 368 the alternative iLUC method (Method 2), in which soybean and palm oil iLUC factors were higher than 369 displaced wheat iLUC factors (S3.3). The method of iLUC estimation only affects the ranking of (less-370 bad) bioenergy options in terms of GHG mitigation per hectare under 100% iLUC, when Miscanthus 371 leads to a net GHG emission increase according to the default method 1 but not according to alternative 372 method 2. 373
The percentage of displaced food production that would need to incur iLUC in order to cancel any GHG 374 abatement is: 5% for maize in the AD-MZmono scenario, 14% for grass in the AD-G scenario, 85% for 375
Miscanthus in the H-M scenario, 5% for wheat in the Eth-WW scenario and 2% for OSR in the Bio-376 (Table 6 ). GHG mitigation 385 costs for the AD scenarios reduce significantly if all net CHP heat output replaces oil heating, but AD 386 based on slurry/food waste and Miscanthus heating pellets maintain a significant advantage over the 387
AD-MZrot scenario and a large advantage over other bioenergy crop options. 388
Attributional versus consequential LCA results 389 GWP burdens per MJ biofuel produced are presented in Table 6 , based on CLCA and also ALCA 390 methodology for comparison with Renewable Energy Directive threshold values (EC, 2009). 391
Accounting for possible iLUC effects within CLCA increases the GWP burden of biofuel production 392 by a factor of between 3 and 8 for the AD-MZmono, AD-G, Eth-WW and Bio-OSR scenarios (Table 6) . 393
The CLCA approach also leads to negative CO2e values per MJ biogas produced from food waste and 394 pig slurry, reflecting credits associated with counterfactual waste management and slurry storage that 395 outweigh the transport and fugitive CH4 emission debits. The former credits are not accounted for in 396 ALCA methodology. The CLCA approach also captures the displacement of animal feed by biofuel co-397 products, an effect that actually leads to a higher biofuel GWP burdens compared with ALCA based on 398 allocation because avoided SBME production leads to avoided soy oil production which leads to more 399 GHG-intensive palm oil production (Data S3.2). 400 401
Ecosystem services effects 402
The ecosystem services effects for each of the scenarios requiring land for bioenergy crop production 403 are summarised in Table 7 and described fully with supporting references in Data S7.2. Maize scenarios 404 are associated with strong negative effects owing to soil compaction, erosion, humus depletion, water 405 runoff and low biodiversity. However, where maize extends very short crop rotations, some positive 406 effects on habitat function and species richness could arise at the landscape level. Amongst the 407 bioenergy crops, Miscanthus has the most positive portfolio of effects (Table 7) , potentially leading to 408 soil and water quality benefits, and biodiversity benefits when managed extensively. However, there is assessment may be offset by indirect effects associated with displaced food production, especially 411 iLUC, that are not captured in the ecosystem services assessment methodology. 412 413 414 Discussion 415
Environmental balance of farm bioenergy options 416
Consequential life cycle assessment of farm bioenergy scenarios confirmed that biogas production from 417 farm and food wastes and Miscanthus heating pellet production can achieve significant GHG mitigation 418 and fossil energy substitution, but can give rise to additional eutrophication and acidification burdens. 419
In the case of anaerobic digestion, acidification burdens can be minimized by well-sealed digestate 420 storage tanks and injection application of digestate. In the longer term, the benefits of on-farm food 421 waste digestion are likely to decline as prevailing waste management options move towards more 422 efficient techniques such as mechanical and biological treatment coupled with anaerobic digestion 423 (Montejo et al., 2013) or integrated waste refineries (Tonini et al., 2013) . The CLCA framework highlights that bioenergy crop cultivation always leads to higher eutrophication 449 burdens, because more fertiliser must be applied globally to maintain food and bioenergy crop 450 production. This important trade-off with GHG and resource depletion benefits is often overlooked in 451 attributional LCA studies which consider only (often relatively low) direct fertiliser application to 452 bioenergy crops (e.g. Styles & Jones, 2007) . The coupled farm-model and consequential LCA approach 453 greatly facilitates more complete and accurate framing of complex displacement issues via simplified 454 transparent narratives that avoid uncertain and sometimes opaque macro-economic modelling 455 associated with regional scale consequential LCA (Schmidt, 2008; Zamagni et al., 2012) . These 456 narratives provide insight into the pathways that link particular bioenergy policy or management 457 decisions with environmental risks and opportunities. 458
Changes in cropping patterns arising from bioenergy feedstock cultivation can lead to significant 459 ecosystem service effects not well captured within LCA, including soil erosion risk, water provisioning 460 and flood regulation effects. These effects appear to be important for some bioenergy feedstocks such 461
as maize, and therefore should be screened for during bioenergy sustainability assessment. We conclude that consequential life cycle assessment and ecosystem services screening should be 490 integrated into sustainability assessment criteria for renewable energy subsidies, so that public money 491 is directed towards more sustainable options that support resource efficiency, climate protection and 492 ecosystem services provisioning. Oil seed rape NA 100 330 BL = baseline farm scenario (400 ha arable farm) BE = bioenergy *Central AD unit supplied by 19 370 t maize annually, produced on 40 ha in each of 10.8 supply farms modelled on the baseline arable farm ** Central AD unit supplied by 23 302 t grass annually, produced on 40 ha in each of 14.6 supply farms modelled on the baseline arable farm Table 5 . Burden changes relative to the baseline farm system, expressed in kg or GJ equivalents and as a percentage, excluding land use change, and also as a percentage including 50% land use change where relevant -59% -581% -37% -107% -52% -46% -290% Table 7 . Ecosystem services effects for each of the scenarios involving bioenergy crop 1 cultivation. In this traffic light assessment, green and red represent delivery of services and 2 disservices, respectively. Orange represents either mixed service and disservice delivery from 3 the respective land use, or inconclusive outcomes dependent on specific farm management 4 decisions. Plus and minus characters depict the expected direction and value of an impact 5 (Table S6 .2). 6 
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